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Abstract

We have studied by Spot Profile Analysis Low EneEJgctron Diffraction (SPA-
LEED) and Auger Electron Spectroscopy (AES) Ni-Abged layers formed by annealing,
around 780 K, Al deposits on a stepped Ni(11l)faser The surface structure and
composition of the thin epitaxial Pl and NiAl films, obtained respectively below and
above a critical Al initial coveragé,, differ markedly from those of corresponding bulk
alloys.

The NgAI ordered films form in a concentration range &rthan the stability domain
of the L1 NisAl phase. The NiAl films present a marked distortwwith respect to the lattice
unit cell of the B2 NiAl phase, which slowly decsea when the film thickness increases.

It also appears that the value 6f depends on the morphology of the Ni(111)
substrate, increasing frori,=4.5 ML for a flat surface t&d,=10 ML for a surface with a

miscut of 0.4°. This could be directly related ke tpresence of steps, which favour Ni-Al

interdiffusion.
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1. Introduction

Ni-Al alloys are of great technological interesthase of their remarkable mechanical
and thermal properties, namely a high hardness hagid melting points. They are also
resistant to corrosion, owing to the formation laeit surface of a thin passive film of
aluminium oxide acting as a diffusion barrier. ldirthese reasons, the use of these alloys is
widely developed in aeronautics (turbo reactor})ifienergy storage and furnace hardware,
and in microelectronics (epitaxial contacts toMlsemiconductors, corrosion resistant metal
coatings [2]). Moreover, ultrathin well-ordered.@k layers can be obtained by oxidation at
high temperature of WAl or NiAl single crystals [3]. Besides, two recestudies have
reported the possibility to prepare such oxide dilirom the oxidation of thin MAI alloyed
layers grown on Ni(100) or on Ni(111) [4,5]. Thegkrathin epitaxial AJO; films have
become increasingly attractive in catalysis as rhsdpports for epitaxy of small metallic
aggregates [6] and in magnetism as insulatingdramimagnetic tunnel junctions [7].

The phase diagram of the Ni-Al system reveals tkistence of four ordered
compounds, namely NiA|l NiAl3, NiAl and NiBAI [8]. In two previous studies [9, 10], we
have described the formation of the two richer phas Ni upon annealing Al deposits on
Ni(111), with a strong dependence on the nominakttess of the initial Al layer. Below a

critical thickness6, which was found to bé_.=4.5 monolayers (ML), annealing around

750 K vyields an ordered PAl layer in epitaxy with the Ni substrate, with

NisAl(111)/Ni(111) and NjAI [110]/Ni[1 10| (see Fig. 1). This specific epitaxy is attributed



to the fact that the fcc Ni and the cubic,isAl phase have very similar bulk lattice

Ni Al

parameters &' = 3.524A and a)'* =3.57A). Above this critical thickness, annealing

around 750 K leads to the formation of a crysteliie B2 NiAl layer &) = 2.887A) on top

of an epitaxial NJAl layer of constant thickness (18 (111) planes),epitaxy with the

underlying NgAIl layer, with the Nishiyama-Wasserman [11, 12]taypial relationship, i.e.
NiAl(110)//NizAl(111) and NiAI[001]//NBAI [110] (see Fig. 1). Due to the symmetry of the

(111) NBAI surface, three variants are possible for thelane orientation of NiAl. We have
observed the formation of this NiAl layer up todkmesses higher than 100 nm. Moreover,

the critical thicknes®, does not seem to depend on the annealing tempeiatthe 750 K-

790 K temperature range [13], but annealing ab@®@ kK results in a progressive dissolution
of Al in the substrate.

Despite these two previous studies, some openiguosestemain. The origin of the
transition between these two regimes is still uarclét could either be related to the elastic
energy stored in the BAl layer, the in-plane lattice parameter of theelayeing 1%
contracted in order to fit the Ni bulk lattice pamater [9], or to a kinetic transition during
alloy formation by Ni-Al interdiffusion [14]. The ra@in of the Nishiyama-Wasserman
epitaxial relationship is also unknown. As pointedt previously, there is a large misfit
between the surface unit cells ofAli(111) and NiAl(110), but the corresponding intiarmar
distances only differ by 1% [10]. The fact thagMN{111) and NiAl(110) have the same step
heigth could thus indicate that steps play a roléhe transition. We wanted to characterise
precisely the surface lattice parameters of thealeal films to determine if BAI(111) grows
in registry with Ni(111), and whether NiAI(110) bego growth in registry with NAI(111)
at the transition, or not. For this purpose, weehprecisely studied by Spot Profile Analysis
Low Energy Electron Diffraction (SPA-LEED) and Augélectron Spectroscopy (AES) the
surface of the alloyed films obtained after anmgplAl deposits on Ni(111) in a temperature
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range (760 K - 790 K) very close to the one usedefs. [9,10]. In order to underline the
important role of steps in the alloying processhage used a stepped Ni(111) surface, with a
miscut of 0.4°.

On this stepped surface, we recover the previaidteeconcerning the transition, at a

critical value 8, between NJAI growth (for the "thinnest" Al deposits) and Nigrowth (for
the "thickest" Al deposits). However, the transitioccurs at a different value &, namely

10 ML, instead of 4.5 ML for a flat Ni surface 19)]. In this paper, we show that this higher
critical thickness observed for the transition colbé directly related to the presence of steps,
which favour Ni-Al interdiffusion. The experimendg¢so reveal that the surface structure and
composition of the alloyed films are quite differérom those observed at the surface of the
bulk phases at thermal equilibrium.

Our experimental set-up as well as the sample papa are described in section 2. A
brief overview of the analysis procedure used BAS.EED and AES measurements is also
presented in this part. The results obtained &ft@rtemperature deposition are presented in
Section 3. Section 4 is devoted to the resultsiobthafter annealing an initial Al deposit

below the critical coverag8,, and section 5, to the results obtained ab@verhe last part of

the paper is devoted to a discussion of the redulghlighting the crucial influence of steps

on the interdiffusion processes, and to the commtus

2. Experimental
2.1. Set-up and sample preparation

The experiments have been performed in an UHV pebase pressure 1% Torr)
equipped with facilities for preparing the sampiéth a Omicron Spot Profile Analysis Low

Energy Electron Diffractometer and a Riber Cylicdti Mirror Analyzer Auger Electron



Spectrometer. The sample is hold by a high pretiXigZ- 89 manipulator; it can be heated

up to 900 K and cooled down to 140 K.

The sample is a disk 9 mm in diameter and 3 mrhickhess, purchased from Surface
Preparation Laboratory (Penningweg 69 F, 1507 D&dam, The Netherlands). The crystal
is miscut 0.4° from (111). The step density hasnbseparately measured by Scanning

Tunneling Microscopy: the mean terrace width isragpnately equal to 300 A, with steps

running at 8+5° from thel[10] axis. Prior to experiments, the sample was eddy a series
of cycles of Ar ion sputtering at 1 keV followed bynealing a few minutes at about 900 K.
The cleanliness of the sample was checked at tie@faach cycle by AES, in particular by
verifying the absence of carbon contamination.

Al is evaporated from a Mo crucible, using the OimicEFM-3T evaporator. During
Al evaporation, the sample is cooled down to 14 Krder to reduce the atomic mobility,
which was previously assumed to avoid alloying nigithe deposition process [9, 10]. The Al
flux at the sample is controlled by monitoring thex of evaporated ions on an electrode of
the evaporator. The emission cone out of the ewpoyields a deposition area about 8 mm
in diameter on the sample surface, and is put eelibly off centre of the Ni sample. Within
the investigated conditions of growth, only the mwation time is modified. All the other
experimental parameters (Al flux, sample tempegtgsample position with respect to the
evaporator) are kept constant, within the expertalemncertainties. After evaporation, the
sample is annealed for 20 minutes at temperatatgelen 760 K and 790 K. Before and after
annealing, AES and SPA-LEED measurements are peefibat several points of the sample.

The electron beam is about 0.1 mm in diameter 882and 1 mm for SPA-LEED.



2.2. Coverage measurements

In this paper, we define the Al coveradeas the ratio of the deposited Al density to
the atomic density of a Ni(111) plane, that is: 13.86x10° atoms/cr.

The Al quantities at various points of the sampéeenbeen measured twice in an
absolute way by ex-situ Rutherford Backscatteripgcdometry (RBS), with a 2.5 MeV Van
de Graaff lon Accelerator at the Institut des Nasiegces de Paris. In order to minimize the
signal due to the Ni substrate, the measurements pexformed by using a relatively grazing
detection geometry (detection at 15° or 25° frone turface) and axial channelling
conditions, namely alignment of either the [111tlwer [110] Ni axis with the well-collimated
incident beam (for more details see [9, 10]). Withse RBS experiments, we have verified
the reproducibility of the Al evaporation conditeorwithin the range of experimental
uncertainties, and obtained the absolute calibratiothe Al flux on the sample. Due to the
fact that the sample is not aligned with resped¢h&evaporator, the amount of deposited Al
is nearly constant on half the sample, and vaimesatly on the other half of the sample. The
Al evaporation rate in the plateau region of thegia is equal to (940.3) ML per hour. The
overall uncertainty on the Al coverage can be esttdth from the different contributions that
have to be taken into account: the uncertainties on
- the absolute value of the RBS reference stan@rd
- the RBS measurements due to counting statistics;

- the flux monitoring during evaporation;
- the sample position with respect to the evaporédahe LEED and AES apparatus.

The total uncertainty, obtained by summing the sepi@f the different uncorrelated
uncertainties is ranging froeB% in the plateau region up #7% in the low coverage region

of the sample.



2.3. SPA-LEED measur ements

In the whole paper, we notk and k, the wave vector of the incoming and

diffracted beams, wittk, =k, =277/, where A is the wavelength, and =k, -k is the

diffracted wave vector. All results presented hiea@e been obtained at room temperature,
with 135 eV electrons. For Ni(111), such energyrapmnately corresponds to maxima of
intensity for the (0,0), (1,0) and equivalent sp@tsphase condition), and to minima of
intensity for the (0,1) and equivalent spots (dytlmase condition).

For obtaining information about the surface striesuof the alloyed layers we have
precisely measured the relative positions of tHeadition spots for the different coverages
and annealing temperatures used. Informations reddairom the study of the width of the
diffraction spots, in correlation with scanning mefing microscopy observations will be the
subject of a forthcoming paper.

The diffraction spots are indexed with respect be tsurface unit cell of the

corresponding films. For each phase, paramedgrand a, correspond to the dimensions of
the surface unit cell in direct space, whereas rpaters k; and k, correspond to the

dimensions of the surface unit cell in reciprocphce (see Fig. 1). Table 1 lists the
correspondence between the bulk lattice parametsisthe dimensions of the surface unit
cell of bulk-terminated Ni(111), MAI(111) and NiAl(110) surfaces.

Quantitative information about the surface latji@@ameters has been obtained from
the positions of the diffractions spots. For all ddposits, a calibration of the SPA-LEED
apparatus has been carefully performed on the N&{EL1l) prior to evaporation. This
calibration is also necessary for correcting thealsrgeometrical distortions due to the
imperfections of the deflecting electrodes of tHAS_EED apparatus. However, due to the
fact that the SPA-LEED electron gun is shut downirdy evaporation and annealing, this
calibration deserves to be checked after evaporaind annealing. Nevertheless, the
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calibration has been found to be almost the sanadl iexperiments. From the variations of
calibration observed on Ni(111), we estimate th#icka parameters to be experimentally
measured to a precision of +0.3%. Diffraction gesfiwere fitted by lorentzian shapes. For
NisAl, the whole set of diffraction spots up to theQ)2equivalent spots are taken into
account. For NiAl, only the spots correspondinght major variant have been measured. The
determination of the lattice constants from thdrddtion spots has been done only in the
coverage range where only one of the phases wasmnireSurface lattice parameters obtained
in the very narrow coverage range [9.5 ML — 10.5] round the transition, where the two
phases are present, have not been used in thenpstady, due to the higher uncertainty

related to the data reduction.

2.4. AES measurements

Information about the surface composition has leived from AES spectra, using
the Niwyy transition at 61 eV, the Al transition at 68 eV (hereafter named Ni61 and Al68
respectively) and the Miv transition at 848 eV. AES spectra were acquiradgusicident
electrons at 1800 eV. The signal was detected gtr@ulock-in amplifier working with a 1
kHz modulation of 0.4 V amplitude applied on thdimyer of the CMA. The AES signal

| (E) is obtained by derivatindN(E Wwhere N(E ) is the electron current detected at an
energy E: | (E) =dN/dE. In our set-up, this is done directly through thek-in amplifier.

The peak heights are measured in the same wayras. if15]. The energy resolution of the
apparatus is about 0.4 eV. We estimate that thertaioties on AES peak heights are £10%,
and that the uncertainties on the peak ratios déat

For each experiment, AES measurements have befrmed just after deposition at
the deposition temperature (140 K) and after ammgaht room temperature. In the same way

as for LEED measurements, we have measured the sidffals at various points of the



sample, thus exploring zones with different covemagThe time for performing these
measurements was typically one hour. We never wedevariations of the AES signals
measured at the same position on the sample athtfre beginning or at the end of the

procedure.

3. Surface of thefilms after deposition

As shown in Fig. 1a, the bare Ni(111) surface (ke#sl deposition) presents a very
sharp (1x1) LEED pattern. After low temperature(Q ) deposition, the diffraction spots
originating from Ni(111) progressively disappeathnvcoverage, whereas very diffuse spots
characteristic from an Al short range hexagonaeond) appear [9]. In this section, we focus

on the results obtained by AES on the surface caitipo of the deposited layer.

3.1 Influence of alloying on the shape of the low energy AES spectra

AES low energy spectra of bare Ni(111) (blue dotied), of 3.5 ML Al (black
dashed-dotted line), and of 30 ML Al (continuousegr line) just after deposition at 140 K,
are presented in Fig. 2a. For comparison, the Ap&ctaum obtained with a 18 ML
Al/Ni(111) after annealing at 760 K (red dashee)ins also shown on Fig. Z&he spectrum
obtained for 30 ML Al at low temperature is similar that obtained for a bulk Al. The
spectrum registered for the 18 ML deposit annealed60 K is characteristic of the (110)
surface of a thin NiAl alloyed film [10], and issal identical to that previously reported for
NiAl(110) single crystal [16]. The comparison ok#ie three low energy spectra shows that
the spectrum of a NiAl alloy is not obtained by sumposition of the spectra of pure Ni and
Al. In particular a shift of the peak position betAl LVV transition towards lower energy is

clearly visible, and the peak is wider. Such aedffs clearly visible for 3.5 ML Al deposited



at 140K. This indicates that the electronic streetof a 3.5 ML Al layer is not the same as the
structure of bulk Al.

In order to go further, we have followed the shagfethe Al peak during low
temperature deposition. As can be seen in FigthzaAl peak at 68 eV is highly asymmetric,

with a right part more abrupt than the left onee Thinimum of the signal,,, is obtained at

n

68 eV, whereas the maximum of the derivat{dé/dE) . is obtained at 68.7 eV. We define

max

D Eor bulkdlike Al

the width of the right side of the Al peak ag, -1
2 (dI /dE)

max

w, =0.42 eV. The evolution ofv, with coverage is presented in Fig. 2b. Even forMI0
coverage, we measure a valuevof significantly higher (v, =0.66 eV) than for bulk-like Al.

This is the signature that some Ni atoms are ptasetie near-surface Al layers, even for

about ten ML deposited at 140 K, and modify thetetaic properties of Al atoms.

3.2 Evolution with coverage of the surface composition during low temperature
deposition

During deposition, we have also followed the evolutof the relative intensities of
the Al and Ni peak. In particular, we present iig.F3a the AI68/Ni848 peak height ratio
Mesnisas Measured just after deposition as a function efAhcoverage. We have used the
SESSA software [17] for calculating the theoretieablution of the AES intensities in
absence of any alloying, taking into account oursngetric configuration. We find that the
intensity of Ni peaks should decay exponentialljhwdoverage with a decay length of about
11 A for Ni848 and about 1.5 A for Ni61, whereas thtensity of Al peak at 68 eV would be
almost constant above a thickness of 5 A. In osecasing the definition of the coverage
given in section 2.2, 1 ML Al corresponds to anieglent thickness of 3.09 A for a bulk-like

Al layer. Thus, for coverage higher than 1M, .5 Should increase exponentially with a
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characteristic length of 3.6 ML. The experimentaasurements of .\ 15 alSO display an

experimental increase, but with a characteristigtle of about 6.8 ML. Thus, for a 18 ML

thick deposit, ryeenisss 1S 10 times lower than expected for a pure Al tagé constant

thickness. Such a difference could be due to roegginparts of the sample covered with a
smaller amount of Al would contribute to the Ni8gi§nal. However, if one assumes that the
thickness distribution takes a gaussian form, the corresponding to the observed signal
should be 20 ML. This roughness is much too highaftow temperature deposit.

We have tried to simulate these AES results, ierg vough approximation, assuming
that the alloyed layer has a uniform thickness, thiatl the Ni concentration slowly decays in
this layer. For doing this, we have made threerapsions:

- the variation of Ni concentration in the regiprobed by AES, near the surface, is
small;

- the AES peak intensity depends linearly on threcentration;

- the chemical composition near the surface ofi-AINilm obtained after annealing a
18 ML thick deposit is the stoichiometdomposition since NiAl(110) has been found to have
a stoichiometric surface composition [18, 19] ametes our AES spectra for such layers are
identical to those obtained on NiAl(110) [16]. Ndkat we do not take into account the fact
that SPA-LEED measurements evidence a mean lgiice@meter of the surface consistent
with the bulk lattice parameter of fNvAlo.40 (SE€ section 5.3).

In this model, ryeniss fOr @ NikAl1 layer can easily be deduced from the ratio
Mesmisss —0-71 measured on the gylso surface. The evolution of the mean Ni atomic
fraction x,, near the surface of the Al deposit is presentdeign3b. It decays exponentially

with a decay length of about 8.3 ML. Since it isamdnigher than the decay length of 3.6 ML
for the attenuation of the AES signal of 848 e\telans through a Al layer, this justifies our

first approximation. If our third assumption is nobrrect, and if, for example, the

11



composition near the surface of the NiAl layer oted after annealing a 18 ML thick deposit
is NigoAl 40, the value ofx,, given in Fig. 3b has to be multiplied by 1.2.

The precise quantification of the alloy formatiamridg deposition of Al/Ni is beyond
the scope of this paper and requires measuremehnitpies sensitive to the chemical
composition not only near the surface, but alsalepth, for example medium energy ion
scattering spectrometry (MEIS). However, we canctare that on a sample with a high step
density, like the one used in this study, Ni-Alerttiffusion at low temperature is higher than
on a well oriented Ni(111) sample, for which noenmdliffusion is observed at the same
deposition temperature [9, 10]. This leads to thes@nce of small amounts of Ni near the

surface of the growing layer, even for Al depositabout 20 ML.

4. Surface of NizAl films after annealing

Below a critical coveraged, =10 ML, the structure corresponds to that of
NizAl(111). New diffraction spots, related to the chesh order of Ni and Al atoms at the
surface, appear on the LEED pattern (see Fig. Yypfkal SPA-LEED linescan is presented
in Fig. 4. Diffraction spots have a lorentzian sma@part from the diffraction spots

mentioned, no other features are visible.

4.1. Surface lattice parameter s of NizAl(111) after annealing

Fig. 5 plots the evolution of the lattice parameter=a, at the surface of the thin

NizAl(111) film as a function of the coverage andtiwp different annealing temperatures. A
general expansion of the surface lattice paranvatarincreasingé is observed, namely from

a, =5.00 A at6=2 ML to a, =5.07 A at high coverage. The 1.5% variation obswkrige

surprisingly large since the bulk lattice parametef Ni and NdAl, i.e. a)' =3.524 A and
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Ni Al

a)'™ =3.57 A, only differ by 1.3%. In our case, the loiveslue ofa, measured is close to
twice the corresponding value for the (111) surfaca Ni crystal, i.e. 4.984 A, whereas the
highest value measured is close to the the cornelipg value for the (111) surface of aAMli

crystal, i.e. 5.05 A (see Table 1). As discussetbvhe this observation may provide

information on the actual composition of the alldy#m, i.e. the atomic fraction of Al.
Lattice parameters ranging frora)'" =3.556 A to a)'** =3.584 A have been

previously reported in the literature for bulksAi, depending on the heat treatment and Al

atomic fraction. Firstly, as reported in [20], thalk lattice parameter of NisAlo.25 appears to
depend on the heat treatment and cooling rate efstmple, witha)'™ =3.57+0.01 A.

Secondly, for a given heat treatment and cooling, e bulk lattice parameter depends on
the precise Al atomic fraction, inside the narrotabdity domain (from %=0.23 to X
=0.275) of the ordered Llordered Ni. Al phase. Despite the discrepancies observed in the
literature between the absolute values for a sikmmebtric composition, it clearly appears that
the lattice parameter of this bulk phase lineamigréases with the Al atomic fraction, with a
typical variation of 0.3% (see [21] for example)eothe stability domain of this phase (i. e.
for Ax, =0.045). This effect is generally attributed to acm larger atomic radius for Al than

Al

for Ni. Remarkably, this rate of variation af'* with x, is rather consistent (in fact, larger

by a factor 1.5) with the 1.3% variation of bulktice parameter betwees))' and a)'” (for
Ax, =0.25).

Hence, it is surprising to observe such a largeatian of the surface lattice
parameters for this thin Bl films: the 1.5% variation of, is about 5 times larger than the

one foreseeable from [21]. This could be the sigreathat the L1 structure is stabilized, for
the thin NAl film, in a larger Al concentration range thanr fthe bulk compound at

Al

equilibrium. Assuming a linear variation of the kbidttice parametea)'® with x, [21], one
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can infer from our SPA-LEED measurements that the NisAl films have an Al atomic

fraction ranging from x=10% to »x=32%. Of course, this is a very rough approximation
since it assumes that the alloyed film keeps ak*hké" structure and it does not take into
account any possible tetragonal distortion of tattide. Moreover, let us recall that we
measure the surface lattice parameters and nditulkdattice parameters. It can be modified
by the presence of steps that favours atomic retmain the surface plane that would not be

allowed in the bulk.

4.2 Surface composition of NisAl films after annealing

The evolution of the AI68/Ni848 and AI68/Ni61 pedleight ratios, ryegniess anNd
Fesmisr» @fter annealing the Al deposits at temperatuterden 760 K and 790 K, is presented

in Fig. 6, as a function of the initial Al covera@e Since the attenuation length of the signal
of 60-70 eV AES electrons is very small in our dégufation (1.5A), the Al68 and Ni61
peaks are characteristic of the surface regionsedsethe Ni848 signal takes into account the

contribution of deeper layers (see above). Howewer evolution of these ratios belofy is

very surprising. They display a continuous evolutiowards the signal corresponding to
NiAl, whereas one should expect a plateau corradipgrto the signal of a thick pAl layer.
Both ratios display a similar evolution, as canseen when comparing Fig. 6a and Fig. 6b.

Here, we shall only comment Fig. 6b, representigg,.; - It increases only slowly between

6 =2 ML and 8 =6 ML, coverage at which it has a value equal tq @Hereas it increases
markedly betweerd =6 ML and 8 =10 ML, up to a value around 0.8. Let us remark tbat

6 < 9.5 ML, there is no LEED observation of a signairesponding to NiAl domains at the
surface. Noting that LEED is a technique sensitovéhe organisation of small size domains,
the evolution of the AES signal cannot be attridute NiAl domains that would not be
visible by electron diffraction. Even for small @ages, our AES spectra obtained on the

14



annealed samples strongly differ from the spechtained on the (111) surface of asAi

single crystal. For such surface,s, =0.34 [22], whereas the surface composition is still

the same as in the bulk [23]. From this observatigcan infer that the Al atomic fraction at
the surface of our NAI layer is always higher thar, =0.25.

We have used the same procedure as in Sectionr3d2termining, from AES results,
the Al concentration x near the surface of the thin films grown. Notet thvéh our simple
model of linear variation of the Auger intensitwgh the atomic fraction, we should find a
value ryenie; =0-27 for NpAI(111). However, for such small values Qf, e, » the Al peak
height could be overestimated, due to the presehtiee shoulder of the Ni peak, and to the
fact that the Al LVV transition is shifted towarttsver energy due to alloying.

The values found by this procedure fo§ &re drawn in Fig. 7. In addition to these
values derived from AES, we have drawn the valoes4 that could be inferred from LEED
measurements, by comparing the variation of theeéaparameters at the surface of the thin
layer with the variation with composition of thdtiee parameter of bulk alloys (see section
4.2). The values of xobtained by both procedures increase markedly #itlip to 8, =10
ML. This clearly confirms that the evolution of tlserface lattice parameters measured for
NisAl films is related to an increase of the Al conication at the surface. However thg x
values inferred from SPA-LEED experiments are systecally lower byAx, =0.12 to 0.16
than those measured by AES. This indicates thaguHhace lattice parameters of;Ni layers

increases with Al concentration, but not exactljfmthe same factor as in the bulk.
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5. Surface of NiAl films after annealing
5.1 Introduction

Above a critical coveragé, =10 ML, the structure corresponds to that of NiA[fL1
with three variants. Typical diffraction patternda8PA-LEED linescan are presented in Fig.
1c and Fig. 4. The orientation of NiAl(110) withspect to Ni(111), and to BAI(111)
follows NiAI[00L]//NisAl [110]/Ni[L10| and NiAL10|//NizAl [112] //Ni[112]. Note that in
direct space, the smaller si@de of the NiAl(110) rectangular surface unit cell iggponds to
NiAI[001]. Equivalent spots from the three variardg NiAl(110) do not have the same
intensity, one variant giving rise to more intesp®ts than the two others, as can be seen in
Fig. 1c. We ascribed the predominance of one of/éinants to the specific orientation of the
steps, since we found the major NiAl variant to énég [001] orientation almost parallel to
the step edges.

We never simultaneously observe the diffractiontguas of the NjAI(111) and
NiAl(110) surfaces (see Figs 1b and 1c, respedtivat the same position of the sample,

except in a small region wher@=4_, i.e. where both areas wit@>68, and <6, are
probed due to the finite size of the electron be@hese observations indicate a sharp lateral
interface at the sample surface between gAlNi11l) domain @(6,) and a NiAl(110)
domain @) 6.). Let us remark that even in the close vicinityh® transition (around =10

ML), the diffraction spots corresponding to NiAl@lcould clearly be distinguished from

those corresponding to MI(111). It is possible that the transition &, is from

NizAI/Ni(111) to NiAI/Ni3AI/Ni(111) with a thinner N§AIl film. However we have previously
shown by RBS investigations [10] that the NiAl(1XDn actually forms onto a NAI(111)

interfacial layer whose Al content correspondsgfo This could only be evidenced by RBS

due to the subsurface sensitivity of this methotiengas LEED mainly probes the first
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surface plane. This shows that the variation afkifess of NJAl at the transition, if any, is
very small. In our case, fof =11 ML, assuming that the Ml thickness is equal to 40
atomic planes, the thickness of the NiAl film oh&sl should be equal to 2 atomic planes.

Very thin NiAl films can thus be observed orsAlVNi(111).

5.2. Latticedistortion at the surface of the NiAl layer

In Fig. 8, we present separately, as a functiollofoverage, the evolution of the
surface lattice parametess and a, of the NiAl(110) film (see Fig. 1 for the defirot of a,
and a,). As compared to the (110) surface unit cell duék NiAl crystal (see Table 1), the
surface unit cell of the thin NiAI(110) film predsna significative distorsion, i.e.,
a <a, /N2 . The variations ofa, and a, with 8 follow opposite trendsa, expands with
increasing coverage, whereag contracts.

film

The ratior™ = az/\/ial, that measures the distortion of the rectanguddirat the

surface with respect to its value for bulk allolyas its maximum valuer (™ =1.023) near the
transition and decreases down td"=1.012) for = 19 ML. An extrapolation of our data

for infinite thickness would lead to™ =1, that is a "bulk-like" rectangular unit cell NfAl.
In an attempt to explain the distortion of the tNiAI(110) film, one may remark that this
behaviour is qualitatively consistent with an acoomdation with the underlying bAI(111)
layer. However, the observed distortion is muchgowll to verify this model quantitatively.

We discuss this argument more in details below.

The epitaxial relationship is NiAI[001]//MAl [L10] and NiAI[110]//NisAl [L12] (see
Fig. 1e and 1f). The experimental values&f reported in Fig. 8, appear to be markedly
larger than the interatomic distance (2.52a%" /+/2) along[110] at the (111) surface of a

NisAl crystal. This is visible in Fig. 4 where the satmescans performed on thesAli and
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NiAl surface are superimposed. The diffraction geakthe two surfaces are clearly not at the

same position. Conversely, the experimental valfes, appear to be smaller than the

distance between two consecutiitd 0] mixed Ni-Al rows at the the (111) surface of &N

crystal (4.37 A=a)""" V/3/2).
For a NiAl layer in registry with the underlying il film, one should thus obtain
rfm =/3/2=1.225. Our maximum valuer"™ =1.023 measured by SPA-LEED reveals a

distortion in the same way as for a pseudomorpid(MLO) rectangular cell, but one order
of magnitude smaller. At this stage, one can calelthat the origin of the Nishiyama-
Wasserman epitaxial relationship between NiAl angANis unknown and that since the
misfit between the in-plane lattice parametersugimtoo high, the two structures are never in

registry, even for coverage just abofle for which the obtained NiAl layers are very thin.

5.3. Mean lattice parameter at the surface of the NiAI(110) layer
In the following, we try to go further by examinirthe absolute values that we

obtained for the lattice parameters of the NiAl(Lfidns and comparing them to bulk values.

NiAl _

The NiAl bulk lattice parametea)™ = 2.887 A is only valid for an atomic fraction of

Al equal to x%=0.5. In fact, the lattice parameter of bulk Ni&lknown, since a long time, to
vary markedly with ¥ all over the domain of existence (frony=0.40 to %,=0.56) of the
cubic B2 NiAl phase. Similarly to the case of;lNisAl (see subsection 4.1), this behaviour is
due to a much larger atomic radius for Al thanNorHowever, the lattice parameter depends

on Xy in @ more complicated way and the amplitude ofwheation of a)” is larger for

NiAl [24,25]. For increasing values ofyx the lattice parameter of NiAl first increases from

N

a)"™ =2.865 A (for %=0.40) to a maximum valua)™ =2.887 A (for %/=0.5) and then
NiAl

decreases down ta)"" =2.861 A (for %=0.56). The "paradoxical" decrease a@jf" when
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Xa exceeds 0.5, in the "Al rich" side of domain ofstéance of the B2 phase, is attributed to
Ni vacancies in the Ni sublattice (it is impossilidehave two Al atoms as nearest neighbours

in the cc B2 phase [26]).

Remarkably, the "mean"” lattice parameggy, = (a, /2+a,/,/8) of the NiAl films,
averaged over both sides of the rectangular sudatecell, is almost independent éf and
equal to 2.86 A. This is shown in Fig. 8 by the lgative fit with an opposite exponential

decay for the two values: a (6) =a,, +ALaexp-(6-6.)/A6) and

a,(0) =~/2(a_,, - Daexp( (8- 6,)/A6)) with Aa=0.035A andAB=12 ML. It can be

noticed that this valu@,, =2.86 A is smaller than that reported in the literatfor a bulk-
like stoichiometric NiAl but rather correspondstie a) values reported fora=0.40 or
Xa=0.55. This could indicate that, at the surfacéhefNiAl film, the Al atomic fraction could
be either x=0.40 or %=0.55, both corresponding to the same valueagf. It is then
tempting to favour the valueax0.40, by continuity with the extremely high valuafsxa,
=0.32 at the surface of the i(111) film deduced from our measurements &f for

0 =10 ML (see subsection 4.2). In this model, the #inac fraction near the surface would
not present a marked discontinuity at the transitleor NgAl layers, it would increase with
coverage, whereas for NiAl layer, it remains constd his would explain why the mean
surface lattice parameter of the NiAl fil&,, is independent of the thickness of the NiAl
film. However the distortion of the surface NiAttiae, induced by the underlying Hil(111)
layer, decreases when the NiAl film thickness imses, and disappears only for thick

deposits.
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5.4 Surface composition of NiAl films after annealing

The evolution of the AI68/Ni848 and AI68/Ni61 pedleight ratios, ryegniess anNd
lesmisr» after annealing the Al deposits at temperatutevésen 760 K and 790 K, are also
presented in Fig. 6, as a function of the initidlcAverage6. For coveraged >0, =10 ML,

these ratios are practically constant and correspothat previously obtained for thick NiAl
layers [10]. In Fig. 7, the comparison with surfammposition determined from the mean
surface lattice parameter of NiAl and from Augerasigrements shows the same discrepancy
for NiAl as for NBAI: the xa values inferred from SPA-LEED experiments are lowg

Ax, =0.12 than the one measured by AES.

6. Discussion and conclusions
6.1 Thin NizAl filmswith structure and composition very different from bulk alloys

The composition and lattice parameters at theasarbf N3Al films strongly differ
from what should be expected for the (111) surf#ce NAI stoichiometric crystal. It is first
surprising to observe an orderegAlilayer with a surface Al concentration much hightean
the upper limit of the stability domain of this giea(0.23< x<0.275). If we cannot exclude
that the Al concentration is higher at the surféican in the bulk of the layer, the Al
concentration must be different froma=0.25 in the bulk of the layer, since, as already
mentioned, no surface segregation is observed fostogchiometric NJAI(111) [23].
Moreover, it would be very surprising to obtain agh variation (of 1.5%) of the surface
lattice parameter without any change of the latheeameters in the bulk of the film. Our
experiments show that it is possible to formgAlifilms in a concentration range very
different from the bulk domain of stability. Thilavs us to interpret differently the results

obtained by Tarento and Blaise in their study efdissolution of Al on Ni [14].
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They have measured concentration profiles obtaafied annealing thick (200 nm) Al
deposits on Ni(100). Different concentration platedave been observed after annealing a
few hours at 500 K. For increasing annealing tiordy the plateaus corresponding to lower
Al contents are present. For example, after 11leaimg at 500 K, plateaus atg¥iAlo.se,
Nio.6cAlo.40 and Nb 757l 25 are observed. WNhsAlos6 and N goAlo.40 cOrrespond to the limit of
the stability domain of NiAl. The concentration files present a gap betweer x0.07 and
xa =0.23, a region where no ordered compound is knwexist at thermal equilibrium [8].
However, in the similar region betweep x0.275 and x =0.40, the concentration profile
presents a smooth profile. This was attributed toeterogeneous nucleation of NiAl and
NizAl in this region. From our study, it seems thatniust be attributed to a non-
stoichiometric N4AI film.

Our study shows that using specific epitaxial cbads, thin crystalline NAI films
can be stabilized over a much larger concentratimge than bulk NAl. This opens very

interesting perspectives, for example in the fafldhagnetism.

6.2 Role of the steps

Two observations demonstrate that steps have aechanfluence on the growth of
alloyed layers:

- the critical thicknesd, is equal to 10 ML for a stepped (111) surface witimiscut
of 0.4°, wheread, is equal to 4.5 ML for a flat (111) surface withmascut less than 0.1°
[10].

- on a (111) surface presenting a high step densitdiffusion in the Al layer occurs
during deposition at 140 K, contrary to what isextved for a well oriented surface [9];

Since the Ni tracer diffusion coefficients in Aleaseveral orders of magnitude larger

than the Al tracer diffusion coefficients in Ni [Rdiffusion of Ni through the growing layer
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occurs more rapidly than diffusion of Al in the Bhystal. This is also in agreement with our
previous observations of a rapid diffusion of Nifa surface of the Al layer during annealing
at 750 K [10]. A possible origin for the formatioh the alloyed layer would be the diffusion
of Ni atoms in Al and in NAI from step sites. Ni atoms at these sites are ¢esrdinated to
other Ni atoms. In the early stage of alloying,lsatoms could easily diffuse from the step
edges into the Al layer. SincedAl grows epitaxially on Ni(111), its interface withiAl will
present the same atomic steps as the initial N)(3tdface, leading to a higher interdiffusion

of the species. This could also explain the inaezfsthe critical thicknes$. with the step

density.

Steps could also favour the growth of thickegMlifilms through the relieve of elastic
energy. This is corroborated by the fact thajANpresents a surface atomic composition out
of the domain of existence of the ordered phase at thermal equilibrium, and surface lattice
parameters very different from that could be exgeédtom bulk N3Al.

Finally, let us mention that the specific NishiyallVasserman epitaxial relation
observed for NiAl(110)/ NAI(111) could also be due to the steps. The faetNiRAl(111)
and NiAl(110) surfaces have very similar interplamtistances (respectively 2.04 A and
2.06 A) could favour this epitaxy, in the case vehdliAl domains begin to grow near the

steps of NJAl.

6.3 Conclusion
The formation of Ni-Al alloys by annealing Al depizson Ni(111) depends on the
morphology of the initial Ni surface. We have foutht the critical thickness between the

growth of NgAl and the growth of NiAl increases fror,=4.5 ML for a surface with a

miscut lower than 0.1°, t6.=10 ML for a surface with a miscut of 0.4°.
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We have shown that these alloyed layers have auidtructure and composition
very different from those of corresponding bulkogH. For NiAl, the surface lattice
parameter increases with the Al coverage, in m@atvith a strong increase of the Al atomic
fraction at the surface. In particular, we havedewnced an ordered Ml layer with a surface
Al concentration x close to 0.4~0.5, a value which is much highen ti@ upper limit of the
bulk stability domain of this phase (0.235<0.275). For NiAl layers, the surface presents a
distortion with respect to the lattice unit cell lmilk NiAl. The amplitude of this distortion
(2.3% for thin films) decreases when the Al coveragreases. The Al atomic fraction at the
surface of such layers is constant, and close te0X5. Such NJAI and NiAl layers could
exhibit electronic and magnetic properties veryedént from the ones that could be inferred

from the structure of the bulk alloy phases.

! D.B. Miracle, Acta Metall. 41 (1993) 649.

2 P. Hannu, P. Kattelus, M.A. Nicolet, in: D. GupaS. Ho (Eds.), Diffusion Phenomena in
Thin Films and Microelectronic Materials, Noyes pecétions, Park Ridge, NJ, 1988, p. 432.
% R. Franchy, Surf. Sci. Rep. 38 (2000) 195.

* A. Wehner, Y. Jeliazova, R. Franchy, Surf. Scil §3003) 287.

®S. Le Pévédic, D. Schmaus and C. Cohen, Surf682i(2008) 67.

® C. Becker, A. Rosenhahn, A. Wiltner, K. von BergmaJ. Schneider, P. Pervan, M. Milun,
M. Kralj and K. Wandelt, New. J. Phys. 4 (2002) 75.

”J.S. Moodera, L.R. Kinder, J. Appl. Phys. 79 (199R24.

8 M. Hansen, K. Anderkd'Constitution of Binary Alloys"second ed., Genium, New York,
1985, p. 1109.

°S. Le Pévédic, D. Schmaus and C. Cohen, Surf686i(2006) 565.

193, Le Pévédic, D. Schmaus and C. Cohen, Surf68ti(2007) 395.

23



11 7. Nishiyama, Sci. Repts. Tohoku Imp. Univ. ToRi® (1934) 637.

12 G. Wassermann, Mitt. K. - Wilh. - Inst. Eisenfdis@7 (1935) 149.

133, Le Pévédic, PhD thesis, University Pierre etié@urie-Paris 6, Paris, 2007.

14 R.J. Tarento, G. Blaise, Acta Metall. 37 (1989023

15 A. Arranz , C. Palacio, Thin Solid Films 317 (19%5.

®H. Isern and G.S. Castro, Surf. Sci. 211/212 (188%.

" W.S.M. Werner, W. Smekal, and C.J. Powell, NISTatlase for the simulation of electron
spectra for surface analysis, SRD 100, VersionNaiional Institute of Standards and
Technology, Gaithersburg, MD, 2005

18D. R. Mullins and S. H. Overbury, Surf. Sci. 19988) 141.

19X. Torrelles, F. Wendler, O. Bikondoa, H. Isern, Mbritz, G.R. Castro, Surf. Sci. 487
(2001) 97.

20p. V. Mohan Rao, K. Satyanarayana Murthy, S. \fy&uarayana, and S. V. Nagender
Naidu, Phys. Stat. Sol. (a) 133 (1992) 231.

2L 0. Noguchi, Y.Pia and T. Suzuki, Metal Trans. 12881) 1647 .

?23.G. Addepalli, N.P. Magtoto, J.A. Kelber, Suri.2/58 (2000) 123.

23D. Sondericker, F. Jona, P.M. Marcus, Phys. Re34 B1986) 6770.

24 p.J. Bradley, A. Taylor, Proc. R. Soc. London,.Sed59 (1937) 56.

25 A. Taylor, N.J. Doyle, J. Appl. Crystallogr. 5 (@®) 201.

26 p A. Korzhavyi, A.V. Ruban, A.Y. Lozovoy, Y.K. Véav, I.A. Abrikosov, B. Johansson,
Phys. Rev. B 61 (2000) 6003.

27C.J. Smithells, in: E.A. Brandes, G. Brook (EdStithells Metals Reference Book,

Butterworths, London, Boston, 1991, p. 13.

24



Tables

a, (A) a (A) a,(A) a, /8 a,/a
Ni(111) 3.524 2.492 1/4/2
NizAl(111) 3.57 5.05 J2
NiAl(110) 2.887 2.887 4.083 \/E

Table 1: Bulk lattice parametex, of Ni, NisAl and NiAl and surface lattice parameteas

and a, (see Fig. 1) of Ni(111), NAI(111) and NiAl(110), for bulk-terminated surfaces
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LEED patterns (primary energy 135 eV) of (a) bar@ L), (b) NgAI(111) surface (obtained
after annealing at 790 K of a 7 Al ML deposit on(INil1)) and (c) NiAl(110) surface
(obtained after annealing at 760 K of a 18 Al Mlpdsit on Ni(111)). In all cases the vectors
(k, and k,) of the surface unit cell (p(1x1) for Ni(111),2p@) for NEAI(111) and three
rectangular unit cells for NiAl(110)) are drawn tre LEED pattern. (d-f) Corresponding
atomic arrangements in direct space, white and gmejes representing Ni and Al atoms,

respectively. Please note that in (d-f) the surfaret cell is indicated by a black
parallelogram with the surface lattice parame®rsind a,. Vectors indexed with respect to

the bulk unit cells are also drawn.
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Fig. 2. a. AES low energy spectra of bare Ni(11y€ dotted line), of 3.5 ML Al/Ni(111)
(black dashed-dotted line) and of 30 ML Al/Ni(11dgontinuous green line) just after
deposition at 140 K, and of 18 ML AI/Ni(111) aftemnealing at 760 K (red dashed line). The

normalization factor is not the same for each spett
b. Evolution of the widthW”? of the Al peak (see text) during deposition at K@s a

function of the Al coverage?. The dash line indicates the width measured&er20 ML.

The different symbols correspond to different expents.
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Fig. 3. a - Evolution of Al68/Ni848 AES peak heigthatio during deposition at 140 K as a
function of Al coverage. The different symbols espond to different deposits. The

continuous line is an exponential fit=r, exp@/ 6, with 8, =6.8 ML.
b — Evolution of the Ni atomic fractiorx,, near the surface of the alloyed layer formed

during deposition at 148, as function of the Al coverage, deduced from #i68/Ni848

peak height ratio. The horizontal bar indicates dttenuation length of 848 eV electrons in

bulk Al (3.6 ML). The curve is a fit withk = x, exp(~8/ 6, Wwith §, =8.3 ML.
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Fig. 4. SPA-LEED linescans on Pl and NiAl films, along the same directiotk ,
corresponding tdz1 —IZZ /2 for NisAl(111) and toR1 for NiAI(110) (see Fig. 1). Continuous

red line: NAl film obtained by annealing 7.4 ML Al at 790 K.oRed black line: NiAl film

obtained by annealing 11.1 ML Al at 760 K.
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Fig. 5. Evolution of the surface lattice parametars a, of the NpAI(111) film (see Fig. 1)

as a function of Al coverage for different annegliemperature3 . Blue crossesT =770 K.

Red squaresT =790 K. Lines correspond to linear fits.
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Fig. 6. Evolution of the Al68/Ni848 (a) and Al68Mi (b) AES peak heights ratios as a
function of Al coverage after annealing at high pemature. The annealing temperature are

760K (crosses), 770 K (lozenges and circles), 790dadses).
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Fig. 7. Evolution of the Al atomic fractiomxnear the surface of the thin films, obtained after
annealing around 770 K an Al deposit, as a functiénAl coverage. Blue circles: ax
determined from AES measurements. Red symbolg: determined from LEED
measurements of the )l surface lattice parameters (squares) and oNild¢ surface lattice

parameters (crosses). Lines are guides for the eyes
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Fig. 8. Evolution of the size and shape of theamgtlar surface unit cell for the NiAlI(110)

film as a function of Al coverage for an annealtegperature T=760 K. The left and right
scales differ by a factor of2 . Red squares correspondap and blue crosses correspond to

a, (see Fig. 1). The blue and red dotted lines cpmed to a global fit of the two curves with
a, = 286-0.035exp(-(6-6.)/12) and a, = \/5(286+ 0.035exp( (6 - ec)/12)). The mean

lattice parameted,, =a, /2+a,/~/8=2.86 A and the NiAl bulk lattice bulle)* =2.887 A

are also indicated.
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